This paper analyzes the spectra and spatiotemporal features of the large-scale inertia-gravity (IG) circulations in four analysis systems in the tropics. Of special interest is the Kelvin wave (KW), which represents between 7% and 25% of the total IG wave (zonal wavenumber k 6 ¼ 0) energy. The mixed Rossby-gravity (MRG) mode comprises between 4% and 15% of the IG wave energy. At the longest scales, the KW spectra are fitted by a 2 5 /3 law while the MRG energy spectrum appears flat. At shorter scales both modes follow a 23 law. Energy spectra of the total IG wave motion at long zonal scales (zonal wavenumber smaller than 7) have slopes close to 21.
Introduction
A significant portion of the large-scale variability in the tropics can be represented in terms of equatorial waves. Understanding and verifying the dynamics of these waves in three-dimensional models for numerical weather prediction (NWP) and climate simulations is a complex task made harder by poor observation coverage, especially over the oceans. Thus, the main information source about the tropical circulation has been reanalysis datasets. However, their use requires caution because, due to the lack of direct observations of atmospheric variables and especially the wind profiles, uncertainties in the estimated tropical flow are large (e.g., Trenberth et al. 2001; Song and Zhang 2007) . The interpretation of reanalysis results is further hampered by difficulties in solving the data assimilation problem in the tropics (e.g., Ž agar et al. 2005) .
The operational analysis systems of the European Centre for Medium-Range Weather Forecasts (ECMWF) and the National Centers for Environmental Prediction (NCEP) are significantly advanced compared to systems used to produce their respective reanalyses, the 40-yr ECMWF Re-Analysis (ERA-40; Uppala et al. 2005 ) and the NCEP-National Center for Atmospheric Research (NCAR; Kalnay et al. 1996) datasets. In particular, the model lid has been elevated from the upper stratosphere to the lower and to the upper mesosphere in the case of the NCEP and ECMWF systems, respectively; their corresponding top (full) model levels are presently placed at 0.01 and 0.32 hPa. Increasing the height of the model top level improves dynamical accuracy and allows a more efficient assimilation of satellite data, which extend into the mesosphere and have high vertical resolution. It is expected that tropical middle-atmosphere waves excited from the troposphere are better represented in the present operational analyses. In addition, the diurnal oscillation and its harmonics should be represented better.
This paper analyzes several features of the large-scale equatorial motion in July 2007. Besides the operational analyses of ECMWF and NCEP, two additional analysis datasets are studied-the NCEP-NCAR reanalyses and analyses produced by an ensemble assimilation system at NCAR, the Data Assimilation Research Test bed-Community Atmospheric Model (DART-CAM; Anderson 2003) . While the NCEP-NCAR reanalyses have been the subject of numerous investigations and successfully used to address a range of scientific questions, analyses produced by the ensemble assimilation are a relatively new research resource. In spite of being a subject of intensive research in recent years (e.g., Houtekamer et al. 2005) , the performance of ensemble assimilation systems in the tropics with real data has received little attention. This is Part II of a two-part paper applying the threedimensional normal-mode methodology to four analysis systems to quantify the balanced [quasi-rotational or Rossby type (ROT)] and unbalanced [nearly divergent or inertia-gravity (IG)] motions. Differences between analysis systems represent uncertainty in the state-of-theart description of the large-scale tropical circulations. The embedded assumption here, like in many other diagnostic studies, is that the linearity assumption holds to a sufficient degree to justify the normal-mode approach.
The primary goal of the present paper is to compare the spectra and spatiotemporal details of the most energetic inertia-gravity motions. Two IG modes to be presented, the Kelvin wave (KW) and the mixed Rossby-gravity (MRG) mode, have been the subject of numerous studies. They have usually been considered in their form obtained on the equatorial b2plane (Matsuno 1966) . Here, we consider the form of these waves in spherical geometry; in this case, off the equator both the KW and the MRG mode are characterized by the geostrophic balance between the wind and geopotential fields. In Ž agar et al. (2009, hereafter Part I) , we pointed out the role of the KW in the energy distribution of IG motion. Since the MRG wave was considered among ROT modes as the n 5 0 mode, and it was energetically much less important compared to other ROT modes, it was not discussed. The remedy is offered in the present paper, where the MRG mode is discussed in more detail related to its important role in the tropical circulation.
The paper consists of six sections. Section 2 summarizes the data and diagnostic procedure. For details of the normal-mode derivation and application to various datasets we refer the reader to Part I. In section 3, we discuss the average distribution of energy in IG motion with an emphasis on the spectra of the most energetic motions. Two features of the average large-scale tropical circulation are presented in section 4. The evolution of the KW wave is investigated in section 5, while discussion and conclusions are given in section 6.
Data and methodology
Operational analyses of ECMWF and NCEP provide initial conditions for their medium-range weather forecasts as well as lateral boundary conditions for numerous mesoscale NWP applications. The NCEP-NCAR reanalysis dataset (Kalnay et al. 1996) has been extensively applied in research while the DART-CAM system (Anderson 2003 ) is under development and its forecast performance has yet to be studied. The latter system also uses only a subset of the observations assimilated by operational systems; no satellite observations are assimilated except for the cloud motion vectors. The NCEP-NCAR reanalysis is based on an older version of the NCEP assimilation system that did not assimilate satellite radiances but retrievals. This dataset is produced at lower horizontal resolution than the other three sets; it is available on the Gaussian N47 horizontal grid and 28 vertical s levels. The top model level is located at ;2.7 hPa. The DART-CAM analyses are produced by a T85 model with 26 hybrid vertical levels extending up to ;3.7 hPa. The NCEP and ECMWF operational analyses are interpolated to the horizontal grid used by the CAM model in order to facilitate the comparison. The truncation of their original grids is T382 and T799 while the vertical discretizations consist of 64 and 91 hybrid levels for NCEP and ECMWF, respectively. Corresponding top model levels are located at 32 and 1 Pa (approximately 60 and 80 km, respectively). The four analysis datasets systems are described in detail in Part I.
The overall performance of the ECMWF forecasting system in the medium range, as well as it being the deepest simulated atmosphere, are the reasons for choosing this dataset to illustrate interesting transient features. The main goal is, however, to quantify the differences among the systems without attempts to verify which one is closest to the truth. We do not employ any independent observation set to address this question, which is beyond the scope of this study.
Details of the normal-mode expansion following Kasahara and Puri (1981) are presented in Part I. We show there how the expansion was carried out for each dataset in such a way that the representation of the input wind and geopotential variables on s levels above the boundary layer is sufficiently accurate; that is, the ratio between the variance in the input fields and fields obtained after the projection and its inverse, as well as the correlation coefficient between the input and inverse fields, is close to 1. This allows us to perform the inverse projection of particular wave solutions back to the physical space and to study the structure of IG motion in various datasets. The accuracy of the projection varies little from one time to another. Therefore, we can study the time evolution of the various modes, especially to the upper troposphere and middle atmosphere where the projection accuracy is very high for all datasets. Each normal mode is denoted by the four-component index n 5 (k, n, m, p), which depends on the values of the zonal wavenumber k, meridional mode index n, and vertical mode index m, in addition to the wave type, denoted by index p. Three values of p correspond to the eastward-propagating IG modes (EIG), westward-propagating IG modes (WIG), and balanced motion (ROT).
The wave motion derived from the normal-mode expansion is symmetric or antisymmetric with respect to the equator where the Coriolis parameter changes sign. The same applies to the equatorial modes derived from linearized shallow-water equations on the equatorial b-plane. Therefore the zonal wind and geopotential of the KW, as well as the meridional velocity of the MRG mode, have maximal amplitudes at the equator. The difference between the spherical and plane solutions for the KW is that the spherical solution contains also a meridional component, which ensures that the wind and mass fields off the equator remain geostrophically balanced. As H eq becomes smaller, the meridional wind component decreases. For example, the maximal amplitude of the Kelvin wave k 5 1, m 5 1 (H eq 5 10 km) meridional wind is about 10% of its maximal zonal wind in the case of the ECMWF system. For m 5 10 (H eq 5 332 m) this ratio drops to 0.5%. But for larger k, the ratio increases and the meridional wind component again becomes nonnegligible. For example, for m 5 10 and k 5 20, the ratio of maximal amplitudes of meridional and zonal winds is 6%.
The selected time period, July 2007, was characterized by an advancing easterly phase of the quasi-biennial oscillation (QBO). The zonal wind at 30 hPa was around 230 m s 21 and at 50 hPa it was around 210 m s
21
. The peak of this negative QBO phase occurred in late autumn. Another large-scale tropical flow feature was a moderately active Madden-Julian oscillation and more so from the middle of the month toward the end.
The input data contain signals with periods longer than 12 h. Tidal and other signals of diurnal periods project onto the lowest vertical and horizontal modes of the IG spectrum. As we are interested in oscillations of longer periods, nearly diurnal periods have been filtered from each wave signal after the expansion. This is achieved by applying a low-pass Lanczos window with a cutoff period of 36 h to the time series of modal coefficients x n for each n.
Average energy distribution in inertia-gravity waves
In Part I we showed the average spectra of IG energy separately for the eastward-and westward-propagating modes in order to stress the important contribution of the KW to the global energetics. Now we present the spectra of the total IG energy ( Fig. 1) with and without the MRG wave to ensure consistency with Part I in which the MRG mode was included among the ROT modes following Kasahara (1976; see also Fig. 2 in Part I). Here, this mode is discussed separately and its spectrum is added to that of IG motions as it is usually considered the IG mode. So the total IG motion is denoted IG 1 MRG. For the sake of comparison between the KW and MRG modes, the Kelvin mode is also shown. Since various analysis systems are characterized by different model resolution and vertical model depth, the amplitudes cannot be directly compared quantitatively.
At the longest zonal scales (0 , k , 6) the total IG energy spectra have slopes close to 21 in DART-CAM, ECMWF, and NCEP analyses while the NCEP-NCAR spectrum appears flatter. As the scale becomes shorter, the differences among the datasets increase: the slopes of spectra range from 23 (NCEP-NCAR) to 2 1 /3 (ECMWF). Agreement is considerably better for the MRG and KW spectra. Slopes for the MRG appear flat for k , 5 and follow a 23 law at shorter scales (i.e., the MRG waves behave as balanced motions). The KW spectra show the same 23 dependence on the zonal wavenumber except at the longest scales where the slope is close to 2 5 /3, just like the balanced motion. In the ECMWF system the whole KW spectrum is well fitted by a 2 5 /3 law.
The IG spectra in Fig. 1 represent the total energy and the whole model atmosphere and to compare them with observational and modeling studies of IG dynamics is not simple. In particular, because of the lack of previous results concerning the Kelvin and MRG wave spectra, it is especially difficult to discuss the results for these two waves. However, the fact that the KW and MRG spectra obey a 23 law, just like the balanced motion, is in agreement with significant portion of rotational energy present in these waves (e.g., Hendon 1986; Ž agar et al. 2004) . Many published studies are carried out for midlatitude tropospheric conditions, where relevant IG dynamics occur at the mesoscale (e.g., Waite and Snyder 2009) . Furthermore, many studies consider the divergence spectra as proxy for the IG spectra. It should also be noted that our spectra are not exactly equivalent to those computed by considering the basic u, y, and T variables. The potential energy part of the total energy is in our case based on a mass-field variable (P) which is a modified geopotential. The formulation of the mass-field variable is responsible for noisy curves at smaller scales in the case of the ECMWF system. Other possible sources of errors are numerical accuracy of the normal-mode expansion, which is related to the numerical solution of the vertical structure equation and excessive variance in the zonal winds in the lower troposphere of the tropics in the ECMWF and NCEP datasets (for details see Part I). We list these caveats as a precaution; the magnitude of their impact on the energy spectra in Fig. 1 and properties studied here is small.
The nondimensional x n variable can be split into contributions from each of the three variables u, y, and P. When only wind field variables are considered, the impact of the surface term and small scales in the ECMWF dataset becomes clear in the spectra (Fig. 2) . The IG slope is now closer to 23 and smooth. It can also be noticed by comparing Fig. 2 with Fig. 1b that the MRG spectrum is unaffected and that the spectrum of the KW is translated to the left in addition to becoming smooth. For comparison, DART-CAM spectra appear not influenced by the mass-field variable at shorter scales (not shown). We continue the discussion of the energy distribution in IG motions by looking in more detail into the spectra for the lowest meridional modes and longest scales. Unless noted differently, all energy percentages mentioned are with respect to the total wave energy (k 6 ¼ 0). We choose to present the EIG and WIG spectra for the operational NCEP analyses (Fig. 3) . For this system the IG spectrum follows a 2 5 /3 law at k . 7 (Fig. 1d) . Figure 3a shows that the KW is the most energetic IG mode; its contribution to the IG 1 MRG wave energy is 25% (Table 1) . The corresponding percentages in DART-CAM, ECMWF, and NCEP-NCAR are 20%, 17%, and 7%, respectively. The contributions of the KW to the NCEP EIG energy are 45%. For comparison, the same percentage in ECMWF is 19%. The full significance of these differences is a troublesome question given the differences among the systems and a lack of previous similar studies. At zonal wavenumbers smaller than 5, there is a large energy gap between the KW and other EIG modes, which have rather flat slopes at the largest scales, also reported in an earlier study by Tanaka and Kimura (1996) .
The lowest WIG mode (n 5 0) is not significantly different from other WIG modes except in the ECMWF and NCEP analyses at k 5 1 (Fig. 3b) . For these two datasets, around 18% of total wave WIG energy is in the n 5 0 mode, and the energy decreases as n becomes larger. The two operational systems also have similar properties of the spectral slope being between 2 5 /3 and 21 for k . 1, and very close to 2 5 /3 for k . 6. The latter range of zonal wavenumbers is also characterized by an approximately 2 5 /3 slope in DART-CAM while the NCEP-NCAR spectra have slope close to 23 (not shown).
It can also be noticed in Fig. 3b that the energy contribution of the MRG wave exceeds that of any WIG mode in the NCEP dataset. In all datasets for k . 3 the MRG wave is more energetic than any other IG mode including the Kelvin wave, except in the NCEP-NCAR reanalysis. However, energy percentages of MRG motion in the sum (IG 1 MRG) differs significantly among the datasets; this wave account for 8%, 12%, 4%, and 15% in DART-CAM, ECMWF, NCEP-NCAR, and NCEP datasets, respectively (Table 1) .
Large-scale equatorial circulations
In Part I, we compared monthly averaged IG circulation in four analysis systems. Although most of the IG energy appears in the leading vertical modes, the associated circulation appears to be confined to the tropics at any particular time. These results concerning the dominant role of IG motion of lowest vertical modes and largest scales in the average tropical circulation confirm earlier results of Puri (1983) who showed that convective processes maintaining the Hadley cell circulation are represented by the lowest frequency EIG and WIG modes. This also illustrates the difficulties with retaining the Hadley cell in the nonlinear normal-mode initialization (e.g., Wergen 1988; Errico 1989) , and the importance of better understanding the role of various IG modes in the initialization and long-range forecasting with modern high-resolution NWP systems.
The day-to-day IG circulation can vary greatly depending on the system and period. Given these differences, we choose to present two features of the time-averaged circulation and the temporal evolution of the most energetic IG mode (i.e., the Kelvin wave).
a. The tropics of Gill (1980) The average circulation associated with ROT modes is dominated by the geopotential maxima at 308N and 258S over the oceans, as illustrated in Fig. 4a by using DART-CAM fields. This figure resembles typical July circulation as known from general circulation models and reanalysis datasets. A less well-known feature is the vertical structure of the IG circulation, shown in other panels of Fig. 4. Figures 4b,c shows the IG winds at model levels 23 and 15, which are close to 868 and 269 hPa, respectively. The signals due to the EIG and WIG waves are significantly different from each other, as a consequence of the Kelvin modes in the EIG part of the flow (not shown). The Kelvin wave part of the signal is presented in Figs. 4d,e at the same model levels as the IG flow. (Note that the Kelvin wave signal is also included in the total IG signal shown in Figs. 4b,c.) For the lower troposphere, the balanced circulation (Fig. 4a) can be compared with the IG component (Fig. 4c) to evaluate the importance of IG modes. The Kelvin mode, which contains almost one-third of the EIG energy in DART-CAM, has zonal wavenumber k 5 1 with a positive geopotential perturbation in the lower troposphere over equatorial Africa (westerlies) and a negative perturbation over the Pacific (easterly winds, Fig. 4e) .
A comparison of the lower and upper troposphere in Fig. 4 recalls the typical ''first baroclinic mode'' picture of the tropics as envisaged by Gill (1980) , which is implemented in many reduced models of the tropics (e.g., Majda et al. 2004 ) and that has been obtained by the empirical orthogonal function analysis of reanalysis data (Trenberth et al. 2000) . In this simple model, the tropical large-scale circulation develops in response to the heating, which has a vertical structure with a peak in the midtroposphere. The distribution of the vertical velocity is also sinusoidal in the vertical; associated horizontal velocity and pressure perturbations are derivatives of this quantity and have opposite signs in the lower and upper troposphere. The qualitative validity of this picture is confirmed by comparing Figs. 4b,d with 4c,e. Thus, the low-level easterlies over the Pacific in DART-CAM are due to the Kelvin wave response to the heating over Indonesia.
Two substantial features of the flow in Fig. 4 with respect to the Gill-type models need mentioning. First, steady-state solutions in Gill (1980) and its follow-on studies are made of the equatorial Rossby waves and Kelvin waves; other modes, including the westwardpropagating MRG wave, are excluded by applying the long-wave approximation. While other IG modes may not be relevant for the steady-state response, the monthly averaged circulation is appreciably modified by other IG modes than the Kelvin wave. Figures 4b,c shows that the opposite signs of IG circulation in the lower and upper troposphere apply primarily to the zonal winds over the Pacific, a flow for which the Kelvin mode seems most important. The upper-level ROT circulation remains predominantly westward as k 5 0 is included in the inverse transformation (figure not shown); that is, the average vertical structure of the balanced flow is barotropic. Second, the vertical structure of average flow in real cases is obtained by summing up many vertical modes; of the 25 vertical modes for Fig. 4, 8 are characterized by a single zero crossing in the troposphere (see Fig. 3 in Part I). The need for several vertical modes has been illustrated for an idealized damped steady circulation case by Geisler and Stevens (1982) . We can nevertheless consider the vertical structure of average tropospheric IG flow to support the ideas behind the simple models used for studying particular aspects of tropical circulation. A typical baroclinic vertical structure in Fig. 4 is also in agreement with Kasahara (1984) who extended the works of Gill (1980) and Geisler and Stevens (1982) by studying wave disturbances created by diabatic heating in a stratified spherical atmosphere. The study showed that in the case of transient tropical heating other gravity waves than the Kelvin wave are generated and they strongly depend on the time scale of heating whereas the balanced and Kelvin waves show little dependence on the heating rate.
We chose to present the DART-CAM result but notice that Figs. 4b-e would appear somewhat different depending on the dataset. For example, in ECMWF analyses the Kelvin wave winds at levels similar to those presented for DART-CAM are strongest over the Indian Ocean.
b. The circulation above the Bay of Bengal
We look at the circulation over the Bay of Bengal during the Indian summer monsoon, one of most important components of the climate system understanding of which is far from complete (e.g., Webster et al. 1998; Chao and Chen 2001) . The summer monsoon circulation in July 2007 is shown in Fig. 5 split into balanced and IG parts in the DART-CAM, ECMWF, and NCEP systems. A latitude-height plane shows circulation zonally averaged between 708 and 1008E (the Bay of Bengal). In Figs. 5a ,c,e the balanced circulation also includes the MRG mode, which is in our representation n 5 0 ROT mode. Balanced circulation plots agree well with average monsoon zonal winds from the ERA-40 reanalysis (Bordoni and Schneider 2008) . Strong westerlies in the upper troposphere in the Southern Hemisphere have a sharp edge at around 108S, and the southern edge of the weaker Northern Hemisphere westerlies is defined by the orography of the Himalayas. The operational NCEP and ECMWF analyses and DART-CAM solution agree well, even though the latter is using only a limited amount of observations. There is a good agreement between the datasets regarding the southward IG flow in the upper troposphere in the descending branch of the Hadley cell around 108S.
Our main interest is in the upper-troposphere easterlies above the Bengal Bay, which are built to a significant extent by IG flow. Furthermore, an important zonal component of IG easterly flow is contributed by the Kelvin wave as verified by comparing Figs. 5d with 6b , which presents the IG flow without the Kelvin mode in case of ECMWF. Similarly, Fig. 5c can be compared with Fig. 6a , which does not include the MRG wave; this shows that the southward component of the balanced flow between the equator and about 108S is related to the MRG motion. Thus, the real situation, to the extent analyses are trustworthy representations of reality, confirms the idealized simulations of the Hadley cell dynamics in the Northern Hemisphere summer performed by Kosaka and Matsuda (2005) , which showed that the asymmetry of the Hadley circulation is primarily due to the MRG component.
Evolution of the Kelvin wave
The best agreement between the datasets is for the Kelvin wave. This is not surprising given the fact that this is the large-scale (k 5 1) structure well observed even with the sparse radio-sounding network in the tropics. The Kelvin wave is also the fastest among the IG modes, horizontally nondispersive and most energetic, which further facilitates its modeling and assimilation. The time evolution of KW filtered for oscillations with periods shorter than 36 h is shown in Fig. 7 . While the energy levels are very different in the four datasets, which is to be expected given the differences in the analysis systems, there is a remarkable similarity in vertically integrated energy evolution as a function of the zonal wavenumber. The energy is concentrated at k 5 1 and all datasets agree about the two main episodes of increased energy, one at the start and another near the end of the month, each with a duration of over a week. Distinct energy maxima appear on 1, 4-5, 8-9, and 26-28 July. In addition, the ECMWF indicates increased energy levels between 12 and 16 July.
The evolution of the k 5 1 wave is presented in Fig. 8 . Similar to preceding figures (and those to follow) contouring levels are different for various systems, but it is the transient vertical structure that we wish to compare, not the magnitudes. It can be seen that two systems with a relatively low model top (DART-CAM and NCEP-NCAR, Figs. 8a,c) appear similar; both have KW energy concentrated around the vertical mode m 5 6 and they both show two main episodes of increased energy peaking on 5 and 26-27 July. On the other hand, the operational systems of NCEP and ECMWF indicate a more complex evolution including episodes of a few days duration and a shift of the energy maximum toward higher vertical modes within the same episode (Figs. 8b,d) . Furthermore, the range of equivalent depths is shifted toward larger values compared to DART-CAM and NCEP-NCAR, as expected based on the deeper atmosphere in these systems. Figure 8 suggests that average energy is concentrated in selected regions of the vertical mode space. So modes m 5 6 for DART-CAM and m 5 8 for NCEP contain most of k 5 1 KW energy in these datasets. Their vertical structure is presented in Fig. 9 . The modes appear similar; both are characterized by the lowest zero crossing in the troposphere at around 300 and 400 hPa, respectively, for DART-CAM and NCEP systems, implying a reversal of zonal winds in the lower and upper troposphere. However, the amplitude of these particular modes is significantly larger in the upper troposphere and in the stratosphere than in the lower troposphere. The second zero crossing for the NCEP mode is located at the tropical tropopause and the remaining five zeros are located higher up. The similarity in the shape of vertical eigenfunctions comes from the average stability and discretization profiles that are input to the vertical structure equation, as discussed in Part I. The corresponding equivalent depths are 379 and 274 m for DART-CAM and NCEP, respectively. As expected, a similarity is greater between the vertical eigenfunctions of the NCEP and ECMWF systems; for example, modes m 5 10 in ECMWF and the NCEP mode m 5 8 are very similar up to 20 hPa (not shown). Vertical modes at which the KW signal is on average most energetic, m 5 7 (NCEP) and m 5 10 (ECMWF) have equivalent depths of 374 and 332 m, respectively. In Fig. 9 we illustrate that different vertical modes at which the average Kelvin wave energy is concentrated in various analysis systems correspond to essentially the same average flow, one with reversed signs in the lower and the upper troposphere. However, as discussed in Part I, the partitioning of energy into any vertical mode is somewhat artificial and the total Kelvin wave energy should be integrated over many vertical modes. The most distinctive difference between the KW evolution in the NCEP and ECMWF systems is in the leading vertical modes, where the ECMWF solution shows a steady signal at m 5 1-2, while the NCEP analyses contain energy at m 5 3 which weakens by 16 July.
The translation of the energy maxima in the (m, t) space in the ECMWF and NCEP datasets toward smaller equivalent depths is an interesting feature, which is investigated in more detail by carrying out the inverse projection and studying the dynamical fields in physical gridpoint space. Figure 10 shows the zonal wind component of the KW, which is obtained by filtering the range of vertical modes from 7 to 12 and zonal wavenumber k 5 1 for the ECMWF analyses. The filtering period is an episode between 11 and 18 July (Fig. 8b) . The velocity profile in Fig. 10 is extracted at the point located at 0.78S and 40.88E; this is the location at which the wave amplitude at model level 41 (;118 hPa) was at a minimum (24.4 m s 21 ) at 0600 UTC 14 July. Figure 10 suggests that there was a downward propagation of the Kelvin wave phase from the upper to the lower stratosphere. The movement in modal space can be interpreted by following the downward propagation of the minimum from ;3 hPa (model level 79) on 11 July to ;16 hPa (level 71) on 19 July. This point occurs after the third zero crossing (from the bottom) in the velocity profile; its lowering is analogous to the increasing mode of the vertical eigenfunctions. The altitude change (defined by the hydrostatic height) is from 38.5 to 27.5 km.
In the same time period the neighboring maximum moved from model level 73 (;11.4 hPa) to level 64 (;40 hPa); the corresponding height displacement is from 29.7 to 21.7 km. The observed downward movement of the Kelvin wave phase corresponds to upward energy propagation according to the linear theory (Andrews et al. 1987, chapter 4) . Below 200 hPa, the change was rather small; the vertical wind profile in this region has one zero crossing around 400 hPa, weak westerlies below this level and somewhat stronger easterlies (up to 4 m s 21 close to 130 hPa) above. Such structure is expected since the signal in the lower troposphere represents the quasi-steady-state response to the forcing, whereas the signal in the upper troposphere and above is a vertically propagating, free wave packet excited by transients in the forcing.
Other episodes in Figs. 8b,d can be diagnosed similarly and they exhibit similar features in the ECMWF and NCEP datasets. At the same time, neither the NCEP-NCAR reanalysis nor the DART-CAM analyses show such properties related to the vertical energy propagation, which is most likely a consequence of their coarse resolution and artificial damping in the stratosphere. At larger zonal wavenumbers, KW episodes in the ECMWF and NCEP analyses appear to be of shorter duration (2-3 days) and occupy a part of modal space with larger values of m (not shown).
Figures 7-8 also imply that the time-averaged KW energy distribution is similar in DART-CAM and NCEP-NCAR on one side and ECMWF and NCEP on the other. The first two datasets have energy concentrated at k 5 1 and around vertical modes m 5 6, while ECMWF and NCEP have their energy around m 5 9-10 and m 5 7-8, respectively. The ECMWF analyses also contain a secondary maximum at m 5 2, as indicated in Fig. 8b . The temporal spread is relatively small with respect to the mean energy distribution, especially for DART-CAM and NCEP-NCAR (not shown). Overall, the agreement in the large-scale KW structure in our datasets is consistent with earlier observations-from the primary study of Wallace and Kousky (1968) on k 5 1-2 Kelvin wave with periods 10-20 days in the stratosphere to more recent studies of faster oscillations with periods 6-10 days (e.g., Sridharan et al. 2006 ).
Discussion and conclusions
We compared the spectra and spatiotemporal features of equatorial circulation in four analysis systems representative of various assimilation methods (currently in operational use or under development) that use different sets of observations. Differences between the datasets represent an uncertainty estimate for equatorial wave analyses; this information is important for improving climate models that have significant problems in simulating the tropical interseasonal variability (Lin et al. 2006 ).
Derived energy spectra of large-scale IG waves have slopes close to 21 in DART-CAM, ECMWF, and NCEP analyses. A significant portion of the averaged IG flow is contributed by the Kelvin wave; its contribution varies between 7% and 25% of the total inertia-gravity wave (k . 0) energy. The contribution of the MRG modes varies between 4% and 15%. Both motion types have spectra that follow a 23 law beyond the zonal wavenumber 7, just like the balanced motion. At longer zonal scales, the Kelvin wave spectra have slopes close to 2 5 /3 law while the MRG energy spectrum appears flat.
We looked in more detail at the Kelvin wave, the most studied equatorial large-scale motion; available observational studies are based on time series of wind records (e.g., Wallace and Kousky 1968) , satellite observations of temperature (e.g., Garcia et al. 2005) , and space-time spectral analysis of proxy data of tropical convection (e.g., Takayabu 1994) . Because of the lack of simultaneous three-dimensional observations of wind and temperature profiles, the dynamical structure of the wave has been identified by applying linear regressions between the proxy data and reanalysis fields (e.g., Yang et al. 2003) . To our knowledge, this is the first study of this mode that treats the mass and wind field simultaneously and that considers the whole model depth in state-of-theart analysis systems including the time dimension.
The time evolution of the Kelvin mode in modal space shows that events with increased energy appear in the leading vertical modes, which have largest amplitude in the stratosphere and mesosphere. This is the uppermost region in the analyses where the representation of the input wind and geopotential variables in terms of normal modes is very accurate, justifying a qualitative comparison of time evolution of these events in various analyses. The difference in the depth of the atmosphere in DART-CAM and NCEP-NCAR on one hand and ECMWF and NCEP on the other appears to be one reason for different energy levels in datasets as well as some propagation properties. The DART-CAM and NCEP-NCAR datasets lack transient features related to the vertical propagation of equatorial waves from the troposphere. The energy propagation has been diagnosed in the ECMWF and NCEP datasets by studying the evolution in modal space and filtering the propagating modes back to physical space. While it is necessary to verify these structures by independent observation datasets [e.g., the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument for the middle atmosphere; Garcia et al. 2005] , the fact that these operational analyses display significant similarities regarding the large-scale divergent modes is encouraging for the verification of climate model parameterizations and the representation of the Hadley cell. However, one can hardly expect to represent the same features in a climate model unless stratosphere modeling is improved and the model top level is raised.
The evolution of the MRG mode, not discussed in the paper, exhibits less similarity among the datasets than the Kelvin wave. In particular, the difference between the DART-CAM and NCEP-NCAR and the other two datasets is greater than for the KW case, related to much more energy in the MRG mode in the middle atmosphere than in the troposphere. Nevertheless, the ECMWF and NCEP systems qualitatively agree about a number of episodes with increased energy in MRG motion and the evolution appears rather similar with an active period between 4 and 18 July.
In physical space, flow due to the Kelvin and MRG waves has significantly larger amplitudes in the stratosphere and mesosphere than in the troposphere. Although these waves are considered to be excited by deep convection in the troposphere, they are no longer linked with the spatiotemporal patterns of the convection that forced them and thus above the forcing region can be regarded as free. Presented transient nature of the Kelvin wave occurred in the middle atmosphere. Episodes of shorter duration and much smaller amplitude, which appear in intermediate vertical modes, are not discussed here. In physical space, these episodes appear in the upper troposphere and they are coupled to the convection. It remains a subject for future studies to look into these events and to compare them with the extensive work done on the identification of convectively coupled equatorial waves from observations of convection (e.g., Wheeler and Kiladis 1999; Roundy and Frank 2004) .
The Kelvin wave constitutes about half of the stationary tropical circulation in the classical model of Gill (1980) and its follow-on studies. In this model, the steady-state circulation is characterized by reverse flows in the upper and lower troposphere, associated with the so-called first baroclinic mode of the tropical troposphere. We show that the average circulation due to Kelvin waves in present analyses is qualitatively consistent with the ideas behind simple tropical models. However, a significant part of the monthly averaged IG flow in the analyses is due to other IG modes and the complete picture of tropical IG circulation includes a number of vertical modes.
The Kelvin and MRG waves also appeared to be an important part of the large-scale circulations over the Indian Ocean in July 2007. It is shown that the unbalanced circulation constitutes a significant part of the upper-troposphere easterlies between 108S and 308N that are mainly associated with the Kelvin wave motion. The southward component of the flow in this latitudealtitude region is almost purely unbalanced and the crossequatorial flow toward the descending branch of the Hadley cell at 108S is contributed by the MRG waves.
